Overpressure is one of the important drilling hazards seen globally. Estimates of overpressured zone locations and overpressure magnitudes have a direct impact on well drilling and completion. Formation pressures in a drilling location are estimated from seismic velocities by using rock-physics-based transforms that map formation velocities to pore pressures. Consequently, the accuracy of the estimated pore pressures depends both on the accuracy of the velocities and the transforms.
Introduction
Overpressure is one of the most common drilling hazards that present a safety risk and cost the industry large amounts of money every year. In most drilling projects, pore pressure is predicted before drilling based on offset well data, geological knowledge of the area, and seismic data. This prediction is updated during drilling using Logging While Drilling (LWD) logs, mud weights, cuttings, and drilling events such as kicks and mud losses.
Log-based pore-pressure updates use the information obtained from the drilled section of the well to update the pore-pressure prediction ahead of the bit. No actual "measurement" ahead of the bit is involved in the update. In this abstract, we introduce a new approach that goes beyond this by using actual seismic velocity measurements ahead of the bit, integrated with well data, to update the porepressure predictions.
Method
Pore pressures are estimated from a rock-physics model that relates the measured velocity of a formation to its pore pressure. Once a rock-physics model is selected for the drilling area, and parameters of the model are calibrated, the pore pressure estimates are completely driven by the velocity estimates. Consequently, the task of pore-pressure estimation ahead of the bit becomes the task of velocity estimation ahead of the bit.
The general approach of Seismic Guided Drilling (SGD 1 ) for updating the earth model ahead of the bit is described in Esmersoy et al. (2011) . The concept is shown in Figure 1 . Subsurface velocities cannot be uniquely determined from surface seismic data alone. This is because there are a large number of velocity models that are equally consistent with the surface seismic data. This type of nonuniqueness is common in inversion problems where the number of unknowns is larger than the number of observations or equations. The existence of this non-uniqueness causes uncertainty in the estimated velocity values. This uncertainty can be analysed and quantified (Osypov et al. 2011) .
When a well is being drilled, we can measure the formation velocities down to the bit depth as depicted in Figure 1 . This is done either by stopping drilling at a certain depth and running a conventional Wireline checkshot measurement, or more recently, by LWD checkshot measurements that acquire data as the well is being drilled in real time at every connection (typically every 10 m) without interruption or extra rig time (Esmersoy et al. 2005) . Figure 1 Method for reducing velocity and pore-pressure uncertainty ahead of the bit by using checkshot measurements down to the bit depth.
These checkshot measurements provide the (vertical) velocities at the well location down to the bit depth. These velocities are extrapolated away from the well using the surface seismic data. This provides a new and fairly accurate velocity model down to the bit depth that is consistent with both surface seismic data and checkshot data. The next step is to update the velocities ahead of the bit. By determining the shallow velocities from checkshot and seismic data, we reduce the uncertainty in velocities ahead of the bit. One simple way to see this is, for example, if we repeat our velocity estimation process, but this time, by constraining the shallow velocities down to the bit depth, we have an inversion problem with fewer unknowns. Consequently, the degree of non-uniqueness and the uncertainty ahead of the bit are reduced.
Field Study
A field test was conducted in the Gulf of Mexico Green Canyon area shown in Figure 2 . Crossline and inline depth-migrated sections at the well location are shown in Figure 3 . Geology is moderately complex with changing dips and structures nearby. The well is vertical with a total depth of about 3570 m. The field study is conducted to assess the ability of the described method to estimate the pore pressures ahead of the bit. For this, reason an area with known porepressure issues was chosen.
3D seismic data in the area were first processed without well data obtaining pre-drill velocity and pore-pressure estimates. Next, well data down to about 2500 m were used in integration with surface seismic data, as described above, and velocities and pore pressures below 2500 m (i.e., ahead of the bit) were estimated. Finally, these estimates were compared with actual measurements from the well in the deeper, 2500-to 3500-m section. At each step, 3D seismic data were processed to generate 3D velocity and structural image cubes around the well location. For clarity, in the following we will show the estimated and measured velocity functions and pore pressures along the well trajectory only.
Figure 3 Crossline and inline seismic sections at the well location.
Figure 4(a) shows the velocity function along the well trajectory from regional isotropic velocity models that did not use well data. We see that velocities increase down to about 2800 m and then there is a velocity reversal. This reversal is associated with an increase in pore pressures. From a drilling and completion point of view, important questions are the magnitude of the pressures and depth of this pressure ramp. This must be determined before the bit gets there to be able to proactively adjust the drilling/completion plan.
Figure 4 Look-ahead velocity inversion and comparison with actual measured velocities. (a) Legacy pre-drill velocity model from seismic data alone (black curve). (b) Well is drilled down to 2500 m as the velocities are measured by LWD checkshot or intermediate wireline (red curve). (c) Velocities in a cube ahead of the bit are inverted using surface seismic data integrated with well data (blue curve). (d) After the well drilled ahead, new velocities measured (dotted red) agree better with the SGDpredicted velocities (blue).
Figure 4(b) shows in red, the velocities obtained from checkshot measurements down to 2500 m. The checkshot velocities increase more or less monotonically and do not yet show any velocity reversals. From a drilling perspective, the challenge now is to be able to look ahead hundreds to a thousand meters and predict the location and magnitude of the over pressures. Figure 4 (c) shows in blue the velocity prediction ahead of the bit down to 3500 m with the new technique. The prediction shows a velocity trend increasing down to about 2800 m, followed by a sharp reversal. The amount of velocity reversal given by this updated prediction is larger than the pre-drill estimate in black, indicating higher pore pressures ahead of the bit than were predicted from the pre-drill model. Figure 4 (d) shows in dotted red the actual velocities measured from 2500 to 3400 m. These velocities agree much better with the look-ahead predictions compared with the pre-drill velocities.
For drilling decisions such as mud weight and casing point selection, the velocity prediction ahead of the bit must be converted to pore-pressure prediction ahead of the bit. This is usually done by estimating the overburden stress and using a velocity-to-effective-stress transform. Figure 5 (a) shows the pore pressure predicted using an approach typical of approaches used in a wildcat area, with no information on pore pressure from offset wells. This prediction used the method of Eaton (1975) with exponent n=3, and the normal compaction trend suggested by Chapman (1994) , with parameters obtained from the pre-drill seismic velocity by assuming that the sediments are normally pressured to a depth of 1500 m below the mudline. the shallow pore-pressure estimates to invert for the parameters in the transform as described by Sayers (2010) . The agreement between the look-ahead predicted (blue curve) and measured (red dots) pore pressures is seen to be excellent; whereas the pre-drill predictions (black curve) underestimate the required mud weight by as much as 0.25 g/cc (2.1 ppg).
Figure 5 Pore-pressure predictions from pre-drill model (black curve on the left) and while-drilling look-ahead estimate made at 2500 m (blue curve on the right) compared with actual formation pressure measurements (red dots). Green curve is the hydrostatic pressure and magenta curve is the overburden stress.

Conclusions
We have demonstrated that, by integrating while-drilling checkshot and log information with surface seismic data, we can make a better estimate of the velocities and pore pressures ahead of the bit compared with pre-drill predictions. Inversion of seismic data, constrained with LWD logs, provides an improved estimate of velocities ahead of the bit. This, combined with a velocity-to-effective-stress transform calibrated with well data, provides a more accurate pore-pressure estimate ahead of the drill bit.
